Glassy Pd 85Àx Cu x Si 10 P 5 (x ¼ 5{12 at%) alloys with a supercooled liquid region (ÁT x ) of 51-73 K were synthesized despite the low metalloid content. The glassy Pd 79 Cu 6 Si 10 P 5 alloy exhibits the largest ÁT x of 73 K in the present alloy system and its critical diameter for glass formation reaches 5 mm by copper mold casting. For the bulk glassy Pd 79 Cu 6 Si 10 P 5 alloy, the Young's modulus, compressive yield strength and maximum compressive strength are 82 GPa, 1475 MPa and 1575 MPa, respectively. Distinct compressive plastic strain of 3.5% and a vein pattern morphology on the fracture surface indicate the ductile nature of the bulk glassy Pd-Cu-Si-P alloy.
Introduction
Since the first success of synthesizing bulk metallic glasses (BMGs) in Ln-Al-(Ni, Cu) 1) and Zr-Al-(Ni, Cu) 2) systems around the end of 1980's, BMGs have attracted great attention as a novel bulk metallic material in science and engineering fields. Great efforts have been devoted to the development of BMGs with high glass-forming ability (GFA) and good physical, mechanical as well as chemical properties in various alloy systems. As to the metal-metalloid type bulk glassy alloys except simple metal-and transition metal-based systems, the BMG formation has been reported in several alloy systems, such as Pd-Cu-Si, Pt-Ni-P, Pd-Ni-P, Pd-Cu-Ni-P, Pt-Cu-P, Pt-Co-Ni-Cu-P systems. [3] [4] [5] [6] [7] [8] [9] [10] [11] Some of them are of great interests due to their excellent GFA and application potential as electrode, jewelry and medical materials.
12) Recently, we have developed a new family of Pd-based BMGs with high GFA and good mechanical properties in Pd-Cu-Si-P system, in which the metalloid content is lower than those in the previously reported Pd-and Pt-based BMGs and the critical diameter for glass formation reaches 5 mm. This paper presents thermal stability of the glassy alloys in the Pd 85Àx Cu x Si 10 P 5 (x ¼ 5{12 at%) system and the formation and mechanical properties of bulk Pd 79 Cu 6 Si 10 P 5 glassy alloy rods.
Experimental Procedures
Master alloy ingots with nominal atomic compositions of Pd 85Àx Cu x Si 10 P 5 (x ¼ 5{12 at%) were prepared by induction melting the mixture of pure Pd, Cu, Si and P in an Ar atmosphere. From the alloy ingots, ribbon samples with a cross section of 0:02 Â 1 mm 2 were prepared by melt spinning. Cylindrical rods with diameters up to 6 mm were fabricated by copper mold casting. The structure of the ribbons and rods was examined by X-ray diffraction (XRD) using Cu K radiation. Thermal properties of the glassy samples were characterized by differential scanning calorimetry (DSC) at a heating rate of 0.67 KÁs À1 . Mechanical properties in a compressive deformation mode for the BMG rods were examined with an Instron testing machine at a strain rate of 4:2 Â 10 À4 s À1 . The sample dimension for the compressive test was 2 mm in diameter and 4 mm in height. The fracture surface was examined by scanning electron microscopy (SEM). endothermic reaction due to glass transition, followed by a supercooled liquid region and then a sharp exothermic peak due to crystallization. The glass transition temperature (T g ), onset temperature of crystallization (T x ) and supercooled liquid region (ÁT x ¼ T x À T g ) as a function of Cu content for the Pd 85Àx Cu x Si 10 P 5 glassy alloys derived from the DSC curves are shown in Fig. 2 . The T g increases with an increase in Cu content from 5 to 12%. On the other hand, though there is no systematic change in T x with Cu content, the T x at 6%Cu and 12%Cu are relatively higher. As a result, the temperature interval of the supercooled liquid region (ÁT x ) before crystallization increases from 67 to 73 K with the increase of Cu content from 5 to 6%, while the further increase in Cu content apparently decreases ÁT x . The large supercooled liquid region of 51-73 K indicates the high thermal stability of the present Pd-Cu-Si-P glassy alloys.
Results and Discussion
Attempts to prepare the Pd 79 Cu 6 Si 10 P 5 BMGs have been made because the Pd 79 Cu 6 Si 10 P 5 alloy with the largest ÁT x is expected to have relatively high GFA. Figure 3 shows the outer shape and surface appearance of the cast Pd 79 Cu 6 Si 10 P 5 rod with a diameter of 5 mm. The sample surface is smooth and exhibits good metallic luster. Neither concave nor cavity due to a crystalline phase is recognized. Figure 4 shows the X-ray diffraction patterns of the cast Pd 79 Cu 6 Si 10 P 5 rods with diameters of 5 mm and 6 mm. The XRD pattern of the 5 mm diameter sample exhibits a principal halo and no diffraction peaks corresponding to a crystalline phase is seen, indicating the formation of a glassy structure. However, the cast rod of 6 mm in diameter is partially crystallized because crystalline peaks are seen on the broad X-ray diffraction background. Therefore, the critical diameter for glass formation (t max ) for the Pd 79 Cu 6 Si 10 P 5 alloy is determined to be 5 mm in the case of copper mold casting. In addition, the critical cooling rate (R c ) of the Pd 79 Cu 6 Si 10 P 5 alloy is evaluated to be 40 KÁs À1 by R c ¼ 10 Á t max À2 (where the unit of (t max ) is cm).
13)
For the multi-component Pd-Cu-Si-P alloys, the atomic radaii of the constituent elements changes in the order of Pd (0.137 nm) > Cu (0.128 nm) > Si (0.117) > P (0.109 nm), 14) leading to a significant atomic-size mismatch. Moreover, the heats of mixing for the atomic pairs of Pd-Cu, Pd-Si, Pd-P and Cu-P are À14, À38, À28 and À9 kJÁ mol À1 , respectively, 15) implying the strong interactions among the components. These data on the atomic size and the chemical bonding nature is expected to cause a high degree of dense Formation of Bulk Pd-Cu-Si-P Glass with Good Mechanical Propertiesrandom packed structure in the supercooled liquid which enables the achievement of high liquid/solid interfacial energy as well as the difficulty of atomic rearrangements, leading to the suppression of nucleation of crystalline phases, a higher viscosity, a lower atomic diffusivity and hence a high glass-forming ability. 3, 12, [16] [17] [18] This argument is in agreement with the high thermal stability of supercooled liquid evidenced by the large ÁT x values up to 73 K and the high GFA indicated by the formation of 5 mm glassy rod for the present Pd-Cu-Si-P system. Figure 5 shows the compressive stress-stain curve of the bulk glassy Pd 79 Cu 6 Si 10 P 5 alloy. It is seen that the alloy is subjected to elastic deformation, followed by yielding, distinct plastic deformation accompanying serration, and then final fracture. The Young's modulus, yield strength defined by the deviation from the linearity, and maximum compressive strength are 82 GPa, 1475 MPa and 1575 MPa, respectively. It is notable that the compressive stress-stain curve shows a remarkable plastic strain of 3.5%, indicating the ductile nature of the bulk glassy Pd 79 Cu 6 Si 10 P 5 alloy. The fracture occurred along the maximum shear stress plane which was declined by about 45 degrees to the direction of an applied load and the fracture surface consisted of a welldeveloped vein pattern, which is typical for ductile glassy alloys. The good ductility is presumably because the Pd-CuSi-P glassy alloys consist mainly of metallic components, i.e., the total content of Pd and Cu reaches 85 at% or 95.3 mass%.
Conclusions
A new family of glassy Pd 85Àx Cu x Si 10 P 5 (x ¼ 5{12 at%) alloys has been synthesized. The supercooled liquid region is in the range of 51-73 K and the largest ÁT x is obtained at 6%Cu. By coppesr mold casting, the critical diameter for glass formation is 5 mm for the Pd 79 Cu 6 Si 10 P 5 alloy. The bulk glassy Pd 79 Cu 6 Si 10 P 5 alloy with the relatively low metalloid content exhibits compressive plastic strain of 3.5% before failure and vein pattern on the fracture surface, implying its ductile nature. The Young's modulus, yield strength and maximum compressive strength are 82 GPa, 1475 MPa and 1575 MPa, respectively. 
